The main database used in this study was the New York State's Percutaneous Coronary Intervention System (PCIRS). Established in early 1990s, the PCIRS registers all PCI procedures performed in nonfederal hospitals in the State of New York. For each PCI performed, registry data include patient demographics, preprocedural risk factors, type of procedures and devices, postprocedural complications, and Background-A simple risk score to predict long-term mortality after percutaneous coronary intervention (PCI) using preprocedural risk factors is currently not available. In this study, we created one by simplifying the results of a Cox proportional hazards model. Methods and Results-A total of 11 897 patients who underwent PCI from October through December 2003 in New York State were randomly divided into derivation and validation samples. Patients' vital statuses were tracked using the National Death Index through the end of 2008. A Cox proportional hazards model was fit to predict death after PCI using the derivation sample, and a simplified risk score was created. The Cox model identified 12 separate risk factors for mortality including older age, extreme body mass indexes, multivessel disease, a lower ejection fraction, unstable hemodynamic state or shock, several comorbidities (cerebrovascular disease, peripheral vascular disease, congestive heart failure, chronic obstructive pulmonary disease, diabetes mellitus, and renal failure), and a history of coronary artery bypass graft surgery. The C statistics of this model when applied to the validation sample were 0.787, 0.785, and 0.773 for risks of death within 1, 3, and 5 years after PCI, respectively. In addition, the point-based risk score demonstrated good agreement between patients' observed and predicted risks of death. Conclusions-A simple risk score created from a more complicated Cox proportional hazards model can be used to accurately predict a patient's risk of long-term mortality after PCI. (Circ Cardiovasc Interv. 2014;7:80-87.)
S everal statistical models and simple risk scores using patient preprocedural risk factors have been created to predict procedural mortality after percutaneous coronary intervention (PCI) in the hope of being able to risk stratify patients before the procedure. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, no simple risk scores have been created to predict long-term mortality after PCI. Two complicated statistical models have been created in previous studies 10, 11 ; however, partly because of their complexity, they are seldom used clinically. Although complex statistical models can be used to predict a patient's risk of death, simple risk scores are more intuitive to clinicians and patients alike for optimal education and procedural recommendations.
In a previous study, we created a simple bedside risk score for predicting in-hospital mortality after PCI. 2 In this study, we sought to develop a statistical model and an accompanying simplified risk score to predict long-term mortality after PCI.
This risk score for long-term mortality can be easily used to predict a patient's risk of long-term mortality after PCI, and this information is useful in the process of informed consent and as an aid along with other considerations (eg, patient preferences, coronary artery disease burden), in determining the appropriate intervention for patients who are candidates for both PCI and coronary artery bypass graft (CABG) surgery. discharge status that are reported by hospitals' data coordinators to the New York State Department of Health. Submitted data are matched to the State's hospital discharge data to evaluate the completeness of data reporting. In addition, samples of patients' medical records are reviewed to evaluate the accuracy of patient risk factors, and hospitals are asked to resolve any inconsistency identified in the review process.
The National Death Index, which records all death certificates in the United States, was used to identify vital status after discharge. Patients' Social Security numbers were used to match patients in the PCIRS and the National Death Index. This project was approved by the Institutional Review Boards at the University at Albany, State University of New York, and the Pennsylvania State University College of Medicine.
Study Population and Outcome
The study population included all patients who underwent PCI in the 45 hospitals performing the procedures in New York between October 1 and December 31, 2003. This period was chosen because, by October 2003, the majority of the PCI patients were treated with drug-eluting stents (DES), and long enough follow-up could be achieved. The outcome of interest was mortality after PCI in a follow-up period through December 31, 2008, which was the latest year of data available to us at the time of analysis.
Statistical Analysis

Developing a Prediction Model
First, the study population was randomly divided into 2 groups, the derivation (n=5948) and validation (n=5949) samples. The data in the derivation sample were used to identify predictors of long-term mortality after PCI using Cox proportional hazards modeling. The candidate variables included demographics, body surface area, body mass index (BMI), left main coronary disease (stenosis ≥50%), number of diseased coronary arteries (stenoses ≥70% in the left anterior descending artery, left circumflex artery, and right coronary artery or a major branch of those vessels), ejection fraction, history of myocardial infarction, hemodynamic stability, comorbidities (cerebrovascular disease, peripheral arterial disease, congestive heart failure, malignant ventricular arrhythmia, chronic obstructive pulmonary disease, diabetes mellitus, and renal failure), history of open heart surgery and PCI, and the presence of stent thrombosis. (The definitions of the significant risk factors for long-term mortality identified in later steps are listed in Appendix 1 in the Data Supplement) Body surface area, BMI, and ejection fraction were treated as categorical variables by dividing patients into clinical meaningful groups.
For each risk factor, a Cox proportional hazard model was fit using that risk factor as the only predictor in the model. Robust sandwich estimators for standard errors of regression coefficients were obtained to account for the clustering of patients. The significant (P<0.05) predictors in bivariate analyses were then used as candidate variables to develop a multivariable Cox proportional hazards model to identify significant (P<0.05) predictors using a backward-selection approach. 12 In this model, the best function of age was determined by testing age as a continuous linear variable and as a spline function. Body surface area, BMI, and ejection fraction were treated as categorical variables to make the model more clinically meaningful. Missing values for ejection fraction were first tested as a separate category and then combined with the reference group because there was no increased risk of death associated with missing values. In addition to the significant risk factors' independent effects, interactions between age and other significant predictors were tested for significance, and none were found to be significant.
Assessing the Performance of the Prediction Model
The data from the validation sample were used to assess the performance of the derivation model. The discrimination of the model was evaluated by calculating C statistics when it was used to predict patients' risks of death at years 1, 3, and 5 after PCI. 13 In addition, the receiver-operating characteristics curves for the predictions of 1-, 3-, and 5-year mortality using the final Cox proportional hazards model applied to the validation sample were plotted and compared with the receiver-operating characteristics curves derived using the derivation sample. The calibration of the derivation model was assessed by comparing the observed and predicted mortality rates at years 1, 3, and 5 for each of 10 groups of patients divided equally by the predicted risk of death. 14, 15 Then, the discrimination of the final Cox proportional hazards model developed in the previous steps was compared with that of a series of more complicated Cox proportional hazards models developed also using the derivation sample that accounted for possible time-dependent effects of risk factors. This comparison was performed using the data of the validation sample. These time-dependent models consisted of a number Cox proportional hazards models initially fitted for a series of time periods, within 30 days of the procedure, 31 days to 6 months, and every 6-month interval until 5 years after PCI. The period-specific models with similar regression coefficients of risk factors were then combined and the final time-dependent models included 3 time periods, within 30 days, 31 days to 1 year, and later than 1 year after procedure. The C statistics of the final single Cox proportional hazards model were 0.787, 0.785, and 0.773 at years 1, 3, and 5, respectively, after procedure, which were similar to their counterparts of 0.779, 0.782, and 0.772 for the more complicated 3 period-specific models. Therefore, it was deemed appropriate to use the simpler model in our analyses.
Developing a Risk Score
The method suggested by Sullivan et al 16 was then used to create a simplified risk score for predicting long-term mortality after PCI. Using the regression coefficient of age in the final Cox proportional hazards model developed from the derivation sample, the constant of the risk score was defined as 5 times the regression coefficient of age (0.0536×5=0.2680). Then the regression coefficient for each level of every risk factor was divided by the constant (0.2680) to compute its weights for the risk score. In the next step, age was divided into conventional groups. These weights for risk factors were referred as points and were rounded to the nearest nonzero integers. For each patient, the point total was the sum of the points of all risk factors of the patient. Then, the predicted risk of death for each possible point total at years 1, 3, and 5 after procedure was calculated as
In this formula, S 0 (t) was the survival rate at the mean values of all risk factors at each time point (t) of years 1 (0.9757), 3 (0.9319), and 5 (0.8792); and 0.2680 was the constant in the risk score. Also, Σβ χ i i was the sum of the products of the regression coefficient and the mean value of every risk factor in the final Cox proportional hazards model.
Evaluating the Accuracy of the Risk Score
The discrimination of the risk score was evaluated using the data from the validation sample by calculating C statistics when the risk score was used to predict patients' risks of death at years 1, 3, and 5 after PCI. 13 The accuracy of predicting the risks of death 1, 3, and 5 years after PCI using the simplified risk score was also evaluated by examining the agreements between the predicted and observed mortality rates in 10 groups of patients separated according to the distribution of the point totals and the clinical importance of the predicted risks of
WhAT IS KNOWN
• Previous studies have identified risk factors for in-hospital mortality in patients undergoing percutaneous coronary intervention; however, none have derived a risk score for long-term mortality after percutaneous coronary intervention.
WhAT ThE STuDy ADDS
• We derived a simple risk score from 12 preprocedural variables and demonstrated that it accurately predicts a patient's long-term mortality after percutaneous coronary intervention in a separate cohort of patients. February 2014 death. For a given group of patients at a specific time point, if the average predicted risk of death was within the 95% confidence interval of the observed risk, the agreement between predicted and observed risks was deemed as good.
All statistical analyses were performed in SAS version 9.3 (SAS Institute, Cary, NC).
Results
Study Population
We identified 11 897 patients who had undergone PCI in 45 New York State hospitals between October 1 and December 31, 2003; 1966 patients had died before December 31, 2008. The respective 1, 3, and 5-year mortality rates were 4.0%, 9.8%, and 16.1%. Patient characteristics of the entire study population, the derivation, and the validation samples were presented in Table 1 . Overall, patient characteristics were similar between the derivation and the validation samples.
univariate Regression Analysis: Derivation Sample
The unadjusted associations between patients' clinical, anatomic, and procedural characteristics and long-term (5-year) risk of death are presented in Appendix 2 in the Data Supplement. Higher risk of death was related to older age, female sex, non-Hispanic black race, extreme values of BMI, left main coronary artery disease, multivessel disease, lower values of 
Multivariable Regression Analysis: Derivation Sample
Multivariable analysis identified 12 separate risk factors for mortality (Table 2 ). These risk factors were older age, BMI<25 or ≥40 kg/m 2 , multivessel disease, lower values of ejection fraction, unstable hemodynamic state or shock, several comorbidities (cerebrovascular disease, peripheral vascular disease, congestive heart failure, chronic obstructive pulmonary disease, diabetes mellitus, and renal failure), and history of CABG surgery. Age was the only risk factor used as a continuous variable (number of years>50); the other risk factors were represented as categorical variables. Table 2 shows that each 1-year increase in age after 50 years was associated with a 6% increase in the chance of dying (adjusted hazard ratio=1.06; P<0.0001). For the categorical risk factors, the hazard ratios for death ranged from 1.13 for BMI<25 kg/m 2 (compared with 25.0-39.99 kg/m 2 ) to 21.03 for shock (compared with stable hemodynamic state).
Validation of the Cox Proportional hazards Model
The discriminatory power of the Cox model was assessed using data from the validation sample. The C statistics were 0.787, 0.785, and 0.773 for risks of death within 1, 3, and 5 years after PCI, respectively. The corresponding C statistics using the derivation sample data were 0.809, 0.786, and 0.782, respectively. Figure 1 shows that the receiver-operating characteristics curves developed using the derivation and the validation samples were closer to each at 3 and 5 years than at year 1 after PCI. The calibration of the model was good as shown in Appendix 3 in the Data Supplement, in which the observed and predicted mortality rates were close to each other for each of the 10 deciles at 1, 3, and 5 years after PCI.
Point-Based Risk Score
The integer points for each characteristic found to be associated with death in the Cox proportional hazards model are listed in Table 3 . The points associated with all reference categories were assigned a value of 0; the highest point value for any characteristic associated with death was 11 for shock.
The possible point totals for patients ranged from 0 to a possible high of 39. For every possible point total, the predicted risks of death at 1, 3, and 5 years after PCI are presented in Table 4 . The predicted 1-year risk of death ranged from 0.58% for a point total of 0 to a >60% mortality for a point total of ≥19. The 5-year risk of death ranged from 2.98% for a point total of 0 to >99% for a point total of ≥19.
Agreements Between the Observed and Predicted Risks
The agreements between the observed and predicted risks of death using the simplified risk score at years 1, 3, and 5 after PCI are assessed in Figure 2A -2C across 10 groups of point totals. Among 30 pairs of observed and predicted risks examined, only 2 pairs (for point total of 2 at year 3 and for point totals of ≥11 at year 5) had the predicted risk of death outside the 95% confidence intervals of the corresponding observed risk of death. The C statistics for the risks of death within 1, 3, and 5 years after PCI were 0.787, 0.782, and 0.768, respectively.
Discussion
The most important finding in the study is that we were able to modify a Cox proportional hazards model to produce a simplified risk index for 5-year mortality after PCI such that the predicted mortality was in good agreement with what was observed in New York State. The clinical, anatomic, and The highest observed total risk score was 23 in the derivation sample.
procedural characteristics that we identified to estimate 5-year mortality among patients discharged alive after a PCI include older age, extreme values (both high and low) of BMI, multivessel disease, lower values of ejection fraction, unstable hemodynamic state or shock, several comorbidities (cerebrovascular disease, peripheral vascular disease, congestive heart failure, chronic obstructive pulmonary disease, diabetes mellitus, and renal failure), and history of CABG surgery.
Comparison With Previous Studies
Female sex has been reported as a risk factor for in-hospital mortality in our logistic regression model for in-hospital mortality. 2 It was not a predictor for long-term mortality in this study. All of these risk factors identified in our study have also been found to be significant predictors of long-term mortality for PCI in other studies in which complex models for longterm mortality were derived. 10, 11 One major difference between this study and the only 2 previous studies that developed prediction models for long-term mortality after PCI is that those studies produced complex models; whereas in this study, we created a simple risk score that can be used to quickly estimate longer term mortality. Furthermore, in the MacKenzie study, patients analyzed had undergone PCI between 1992 and 2001, before the introduction of DES, 10 and the Weintraub study enrolled only Medicare beneficiaries who were ≥65 years old in the DES era. 11 Therefore, this study is more representative of the experience of all patients with PCI in the current, DES era. A total of 7728 (65.0%) of the patients in our study received ≥1 DES. Moreover, in this study, we created a simple risk score that can be conveniently used to predict a patient's risk of long-term (up to 5-year) mortality based on preprocedural risk factors.
Although it is true that statistical models can now be programmed using computers to calculate the predicted risk of death, a simple clinical risk score remains an attractive risk stratification tool for both clinicians and patients. Risk scores are much more likely to be adopted by clinicians than their corresponding statistical models despite the availability of computer programs. Another difference between previous studies and the current study is that instead of fitting 3 separate Cox proportional hazards models for 3 different time periods (as was performed in both previous studies, 10, 11 we fit 1 model that showed similar discrimination as a group of 3 more complicated models for 3 time periods, that is, within 30 days, 31 days to 1 year, and later than 1 year after PCI. The C statistics at years 1, 3, and 5 on the validation data set were 0.787, 0.785, and 0.773, respectively, using the simple model and their counterparts using the 3 period-specific models were 0.779, 0.782, and 0.772. It is worth noting that although C statistics for short-term PCI models are frequently close to 0.9, the C statistics for longer term models do not have that high discrimination. For example, the C statistics for 5-year mortality in the study of MacKenzie et al 10 was 0.81, and the C statistics for 2-year mortality in the study of Weintraub et al 11 was 0.78.
using a Combination of Procedural and Long-Term Mortality
The application of this risk score for long-term mortality after PCI readily lends itself to be used in conjunction with existing risk scores for procedural mortality, including (although not limited to) the procedural risk score developed by our group. [1] [2] [3] [4] [5] [6] [7] [8] [9] For example, our risk score for in-hospital mortality includes 9 risk factors (age, female sex, left main disease, hemodynamic instability or shock, ejection fraction, history of myocardial infarction, peripheral arterial disease, congestive heart failure, and renal failure) and can be easily used to predict the risk of in-hospital death. 2 Simply combining the risk of in-hospital mortality in our earlier risk index and the risk of death after procedure using this risk index provides the combined risk of procedural and long-term death of patients for whom PCI is being considered.
More importantly, for patients rated as appropriate for revascularization by the Appropriate Use Criteria issued by the American College of Cardiology Foundation and other professional societies, 17 this long-term risk score in conjunction with New York's previously developed short-term PCI risk score 2 can be used to compare short-and longer term PCI outcomes with CABG outcomes obtained from New York's short-term and longer term risk scores for isolated CABG surgery. 18, 19 Although there are other reasons for choosing a procedure (eg, complications, recovery difficulty and period, quality of life), this comparative information should be valuable to clinicians and patients in choosing a procedure.
high-Risk Patients
Note that for a small number of patients (0.4%), there is an expected 1-year mortality rate in excess of 50%. Although this rate is high, it is also likely to be high with competing interventions. For patients appropriate for revascularization, the short-and long-term PCI mortality rates for these patients should be compared with the expected short-and long-term mortality rates for CABG surgery (see paragraph above). 4, 18, 19 
Application to Significantly Different Patient Populations
This risk score for long-term mortality after PCI can be recalibrated for a different patient population to account for the possible difference in long-term survival from the study population. Recalibration can perhaps best be performed using the method applied by D'Agostino et al. 20 This method uses the same equation described in the Methods section to calculate the predicted risks of death for each point total in the risk score in Table 4 but uses the prevalence of the risk factors and the average survival rates at years 1, 3, and 5 after PCI in the new population of interest. With recalibration, this risk score can be readily used to estimate long-term survival in other patient populations.
Limitations
There are a few important limitations of our study. First, these data preceded the introduction of second-generation DES. Some (although not all) studies suggest that long-term mortality may differ after receipt of a second-generation versus first-generation DES. If the 5-year mortality does indeed differ with second-generation stents, the data might be less accurate when applied to patients receiving such stents. Second, to achieve long-term follow-up for mortality, we had to rely on the data of past patients. However, the accuracy of this risk score when applied to more recent patients could not be evaluated in this study because of the lack of long-term mortality data for such patients. We encourage other investigators to validate this risk score in different settings using newer patient data with long enough follow-up. Third, in this study, the overall atherosclerotic burden was measured using the number of vessels diseased. More accurate but complicated measures, such as synergy between PCI with taxus and cardiac surgery (SYNTAX) score 21 or Friesinger score, 22 are not available in this study. However, adding such variables may improve the accuracy of the prediction model for long-term validity. Fourth, in the PCIRS database, many risk factors, for example, congestive heart failure, chronic obstructive pulmonary, and renal failure disease are categorical variables with no more than 3 categories. Having such variables defined with more categories may also improve the accuracy of the prediction model. Fifth, some known risk factors for long-term mortality, for example, metastatic cancer and frailty, were not available in our data, and the absence of this information could limit the accuracy of our predictions. Sixth, although it is important to examine the accuracy of the developed risk score in high-risk patients, there were not enough patients with point totals of 11 and higher to be confident about the precise risk of mortality for these patients. Finally, there was a slight overprediction of mortality by the risk score in the validation sample, particularly at 5 years. This highlights the need for recalibration when the model is used for other populations.
Conclusions
We have created a simple, easy-to-use risk score for predicting long-term mortality after PCI using a population-based registry. This may be a useful risk stratification tool for clinicians and patients.
